Abstract-Using TOA to determine the distance between the transmitter and the receiver is the most popular technique for accurate indoor positioning. Accuracy of measuring the distance using TOA is sensitive to the bandwidth of the system and the multipath condition between the wireless terminal and the access point. The behavior of the distance measurement error using TOA techniques in LOS and OLOS indoor environments are substantially different. In general, as the bandwidth increases the distance measurement error decreases. However, for the so called undetected direct path (UDP) conditions the system exhibits substantially high distance measurement errors that can not be eliminated with the increase in the bandwidth of the system. In this paper we provide an analysis of the behavior of superresolution and traditional TOA estimation algorithms in LOS, OLOS and UDP conditions in indoor areas. The analysis is based on the frequency domain measurements of the indoor radio channel propagations in several indoor areas with special attention to the UDP conditions.
INTRODUCTION
In recent years, a growing interest in location-finding systems have emerged for various geolocation applications. Two existing location finding systems, namely Global Positioning System (GPS) and wireless enhanced 911 (E-911), have been used to provide relatively accurate positioning for the outdoor environment [1] . These technologies, although accurate, could not provide the same accuracy when applied to indoor positioning. The different physical requirements of the indoor environment necessitate alternative systems to provide accurate positioning. Therefore, the design and development of indoor positioning systems requires in-depth modeling of the indoor wireless channel.
Although many wideband radio models for telecommunication application exist in literature, their relevance to geolocation systems is distant [2] . In telecommunication application, the sought after parameters are the distance-power relationship and the multipath delay spread of the channel [3] . However, in geolocation application, the parameters of interest are the relative power and the time of arrival (TOA) of the direct line of sight (DLOS) path. Therefore, the accuracy of TOA measurement and modeling of the DLOS path is a measure of the performance of indoor geolocation systems. However due to severe multipath conditions and the complexity of the radio propagation, the DLOS path cannot always be accurately detected [2, 4] . Improving the DLOS detection and TOA estimation requires improving the time domain resolution of the channel response in order to resolve the multipath and enhance the accuracy of estimation.
Spectral estimation methods, namely super-resolution algorithms have been recently used by a number of researchers for time domain analysis of different applications. Specifically, they have been employed in frequency domain to estimate multipath time dispersion parameters such as mean excess delay and RMS delay spread [5] . In addition, [6] used super-resolution algorithms to model indoor radio propagation channels with parametric harmonic signal models. Recently, however, super-resolution algorithms have been applied to accurate TOA estimation for indoor geolocation with diversity combining schemes [7] . The multiple signal classification (MUSIC) algorithm was used as a super-resolution technique and it was shown to successfully improve the TOA estimation.
In indoor positioning, the behavior of TOA estimation in different environments is another important factor in determining the performance of geolocation systems. Besides physical classification of line of sight (LOS) versus obstructed line of sight (OLOS), [2] have shown that there exists further classification that depends on the channel profile and the characteristics of the DLOS path. The first category of this classification is dominant direct path (DDP) where the DLOS path is detected and it is the strongest. The second category, nondominant direct path (NDDP) is when the DLOS path is detected but it is not the strongest. The last category is undetected direct path (UDP) where the DLOS is undetected.
In this paper, a comprehensive measurement database has been created for these classifications with emphasis on finding more UDP cases. The performance and behavior of the DLOS distance error, which is directly related to TOA estimation error, is analyzed in all these different scenarios. In addition, the performance of different TOA estimation algorithms, namely, inverse Fourier transform (IFT), Direct Sequence Spread Spectrum (DSSS) and super-resolution Eigenvector (EV) algorithm is compared for different environments and bandwidths. The further classification of channel profiles and the performance analysis provide a deeper insight into wireless channel modeling for indoor geolocation.
The paper is organized as follows. Section II describes how the indoor channel profiles were classified. Section III describes the theoretical background of the TOA estimation algorithms used in this paper. Section IV describes how the measurement system was implemented to create the database used in the analysis. Section V provides performance evaluation of the different algorithms in different environments and bandwidths. The conclusion is provided in section VI.
II. INDOOR CHANNEL CLASSIFICATIONS FOR TOA ESTIMATION
Wideband radio modeling for indoor geolocation application requires examining the channel profiles at different environments. The behavior of the channel profile or specifically the TOA of the first path depends on the physical location of the receiver with regards to the transmitter. Thus it is pertinent to introduce different measurement classifications to better analyze and characterize the behavior of TOA error. The performance of TOA estimation varies substantially in different environments. Two classification categories to be discussed next are based on the channel profile of the measurement data. The channel profiles were obtained by applying the IFT on the frequency domain measurement followed by a Hanning window.
A. LOS and OLOS
One of the major classifications in the study of TOA modeling is based on physical properties of the indoor environment. Accordingly, LOS and OLOS are easily distinguishable by the measurement scenario. When both transmitter and receiver have no physical obstructions between them the measurement is classified as LOS. When an obstruction exists, such as a wall, the profile is classified as OLOS. For the former case, the DLOS path is the strongest and thus the TOA can be measured with great accuracy. In the latter, however, the DLOS path is obstructed by one to several walls depending on the location of the receiver. The accuracy of TOA in this case, suffers due to the unavailability of a strong DLOS path. In fact for some cases, the first path is undetectable causing the major error in the estimation of TOA.
B. DDP, NDDP and UDP
This classification is based on the channel profile and the strength and availability of the DLOS path. Regardless of physical obstructions, the measurement is classified according to the DLOS path. For this classification, a threshold was used in order to distinguish between a DDP, NDDP and a UDP. Since the noise floor of the measurement system is -100 dBm, and the Hanning window has side lobes of -31 dB below the peak of the profile, a threshold is selected according to the larger value of the two. This ensured that the first peak of the channel profile is classified correctly. DDP is the easiest to detect from the profile because it has a distinct strong first path. This category has an advantage where traditional GPS receivers can lock onto the DLOS path and detect its TOA accurately. When the first path gets weaker but still above the threshold, the profile fits in the NDDP category. For this case, a significant loss of accuracy in TOA estimation can be reduced when a more complex RAKE receiver is used in order to resolve the multipath and intelligently detect the TOA of the DLOS path. A profile is a UDP, when the first path is below the threshold indicating loss of the DLOS path. In this unfavorable situation neither the GPS nor the RAKE receiver can accurately detect the TOA and this, specifically, causes the most significant error in indoor positioning applications. Overall UDP is expected to show substantial degradation in TOA estimation for geolocation application when compared with the other scenarios.
III. TOA ESTIMATION ALGORITHMS
Detecting the DLOS path requires obtaining the timedomain channel profile from the frequency domain measurement data. The following TOA estimiation algorithms provide different time domain resolutions that are directly related to accuracy of TOA estimation.
A. IFT
A simple and conventional TOA estimation algorithm, IFT provides a time domain representation of the channel profile from the frequency domain measurement data. When the time domain response over part of the time period is desired, the chirp-z transform (CZT) is preferred, providing flexibility in the choice of time domain parameters with the cost of longer computational time as compared with the IFT. As mentioned earlier, a Hanning window is also used to avoid leakage and false peaks by reducing the sidelobes of the time domain response with the cost of reduced resolution. The peak detection algorithm then selects the closest peak to the actual TOA. In this paper, the term IFT will generally mean application of the CZT unless otherwise stated.
B. DSSS
Another estimation algorithm uses the cross-correlation techniques with DSSS signals. In order to simulate DSSS signal-based cross-correlation technique, the frequency response of a raised-cosine pulse with rolloff factor 0.25 is first applied to the frequency domain response as a combined response of band-limitation pulse-shaping filters of the transmitter and receiver. Then, the resultant frequency response is converted to time domain using the IFT for TOA estimation.
C. Super-resolution (EV/FBCM)
In this paper, a more complex algorithm, EV is used as a super-resolution technique in TOA estimation for indoor geolocation. The algorithm uses a spectral estimation technique to convert the frequency domain measurement data into the time domain profile needed for determining the TOA of the DLOS path. The channel frequency domain measurement data are obtained from the measurement database described in section IV. EV super-resolution algorithm is based on eigen-decomposition of the autocorrelation matrix of the input measurement data. The autocorrelation matrix is given by
where x = H + w is the measurement data. H is the measured frequency domain channel impulse response and w is the additive white measurement noise with zero mean and variance (σ w ) 2 . Superscript H is the Hermitian, conjugate transpose of a matrix. Figure 1 shows a block diagram of the algorithm. The autocorrelation matrix is estimated from the input frequency domain channel measurement data. The Ldimensional space that contains the signal vector x is split into two orthogonal subspaces, known as signal subspace of dimension L p and noise subspace of dimension (L-L p ), by the signal eigenvectors and noise eigenvectors, respectively. The multipath delays τ k , 0≤k≤ L p -1 can be determined by finding the delay values at which the following pseudospectrum achieves maximum value
where
are the noise eigenvalues and q k are the noise eigenvectors. Therefore, maximizing the pseudospectrum in (2) will occur for the delay values corresponding to the noise eigenvalues and eigenvectors which minimize the denominator. In EV algorithm the pseudospectrum of each eigenvector is normalized by its corresponding eigenvalue λ k . Once the multipath delays in the pseudospectrum are obtained then a peak detection algorithm calculates the TOA of the DLOS path as shown in Fig. 1 . In practical implementation the estimate of the correlation matrix is further improved using the forward-backward correlation matrix (FBCM). More detailed description of the EV/FBCM algorithm can be found in [7] .
IV. MEASUREMENT OF DIFFERENT CHANNEL PROFILE CLASSES
Analyzing the performance of indoor geolocation systems in different environments requires an experimental basis on which to draw useful conclusions. Measuring different channel profile classes was conducted using the frequency domain measurement system. The creation of a database from these measurements helped in establishing necessary foundations for analysis. In this section, the measurement system and the procedure for creating the database are described.
A. Measurement System
One way to experimentally calculate the TOA is through the use of frequency domain measurement system which is described in [8] . The main component of this system is a network analyzer that sweeps the channel from 900-1100 MHz. After passing through a 30 dBm amplifier, the output is connected to the transmitter antenna by a cable. The receiver is connected to an attenuator and then to the receiver port of the network analyzer. Both antennas are 1 GHz monopole quarter wave adjusted on square plates. The frequency domain measurements were conducted by fixing the transmit antenna and moving the receiver around the desired locations. The analyzer has a sensitivity of -100 dBm.
B. Measurement Database
A measurement database was created by combining previous measurements produced by the Center for Wireless Information Network Studies (CWINS) lab and recent measurements conducted on the third floor of Atwater Kent (AK) building, the electrical engineering department at Worcester Polytechnic Institute (WPI). The previous measurements include the LOS measurements taken on the second and third floor of AK building reported in [9] , and mainly OLOS measurements reported in [10] . After classifying these measurements it was apparent that they lacked sufficient UDP cases for statistical analysis. Therefore, the recent measurements were conducted on the third floor of AK building with special attention to generation of more UDP cases. In order to analyze the behavior of the DLOS path in such unfavorable conditions it was necessary to create a database tailored towards this kind of classification. Extensive measurement campaign was carried out on the 3 rd floor of AK building to seek out UDP conditions and understand how and where they are created. The search for UDP required thorough analysis of transmitter-receiver locations within the building in order to vary the attenuation effect on the DLOS path and examine its effect on the channel profile. Figure 2 shows the 3 rd floor plan of AK and the respective measurement points. The most effective locations for the receiver in this case were in the corridors, thus increasing the number of obstacles in the DLOS path. The first set of measurements was conducted with the transmitter in room 320 and the receiver moved along the un-shaded region of the corridors comprising 64 measurement points as shown in Fig. 2 . The second set of measurements was conducted with the transmitter placed in the corridor to the right of AK 320 and the receiver was moved along the shaded region of the corridors comprising 41 points. The receiver measurement points are 1 meter apart but for those located in the corridor below room 315 they are 50 cm apart. After classification of the data, the 105 measurements comprised of 1 DDP, 62 NDDP and 42 UDP.
From Fig. 2 it is apparent that there are a substantial number of UDP scenarios sparking a concern about the performance of indoor positioning in those regions. The UDP points are clearly labeled with black squares. When these points exist between NDDP points it is mainly because of shadow fading caused by obstacles, in addition to walls, that suddenly attenuate the DLOS path significantly. When the UDP points exist subsequently one after the other then the walls are the main contribution to the loss of the DLOS path. It is interesting to note how UDP scenarios are not localized only to a certain region or corner of the floor plan, but rather they exist in "spots" strengthening the notion that the DLOS path can be lost in locations where system designers might have not predicted because of additional obstacles apart from the walls. The measurement database is used in analyzing the performance of different estimation algorithms in those different multipath conditions. Including the earlier measurements, a total of 256 measurements of which 71, 185, 88, 110 and 58 are LOS, OLOS, DDP, NDDP and UDP respectively.
V. BEHAVIOR OF ALGORITHMS IN DIFFERENT ENVIRONMENTS
In this section, the accuracy of TOA estimation is examined for traditional and super-resolution algorithms in different indoor environments.
A. Performance in LOS versus OLOS
Comparing the two different environments, the performance of an indoor geolocation system varies substantially. The absence of any significant obstructions in the DLOS path provides LOS scenarios with an advantage in terms of mean of ranging error. The significant difference between them is apparent. The obstruction of the first path in OLOS causes substantial error when compared to LOS case.
For instance, at 20 MHz OLOS suffers a mean error of 10.7 m while LOS has an error of 2.9 m. As the bandwidth increases, LOS error approaches zero and in the case of 160 MHz it is 0.2 m while OLOS still exhibits a significant 4.1 m error.
The performance of the three TOA estimation algorithms IFT, DSSS and EV/FBCM, is compared for two different scenarios and several bandwidths. In LOS environment, the performance of the algorithms in terms of mean of ranging error is very close to each other. Figure 3 illustrates mean and standard deviation values for the three algorithms in different bandwidths. At lower bandwidths, EV/FBCM performs slightly better than IFT but almost the same as DSSS. At higher bandwidths, the distance error approaches zero and there is no significant advantage for either algorithms. In OLOS scenario, the first path suffers attenuation from walls and other obstructions. As a result the DLOS path is rarely the strongest and that introduces problems for detection. This is shown in Fig. 4 where the distance error for all the algorithms is worst than the LOS case. The EV/FBCM algorithm significantly improves the TOA estimation and, in addition, it outperforms the other conventional algorithms as evident from the figure. As a result, in obstructed conditions more complex TOA estimation algorithms provide means to reducing the error to an acceptable level. On the other hand, use of those algorithms does not provide significant improvement to the TOA estimation in LOS environment.
In general LOS cases are composed mainly of DDP scenarios. OLOS is composed mainly of NDDP and UDP scenarios.
B. Performance in DDP, NDDP and UDP
With the loss of DLOS path, UDP causes major problems for accurate TOA estimation. As a result, the mean and STD of the distance error are expected to be significant when compared to other cases such as DDP or NDDP. Figure 5 shows the mean and STD of the ranging error for UDP compared to DDP and NDDP using IFT algorithm. It is clear that the mean of ranging error for UDP is substantially larger than the two other cases. In fact at 20 MHz, UDP has a mean error that is 5 times that of DDP and 1.5 times that of NDDP. As the bandwidth increases UDP continues to exhibit significant error values. For example at 160 MHz the mean of distance error for UDP is almost 7 meters while DDP is a mere 0.29 meters. It is important to note that the accuracy of TOA estimation is substantially degraded when a receiver moves from a DDP position to an NDDP or UDP. As will be discussed later, better TOA estimation algorithms reduce average distance error but have limitations for UDP. The loss of the DLOS path creates a situation where a large distance error is unavoidable even with an increase in the bandwidth of the system.
With the second main classification, similarly, the effectiveness of the algorithms is different in each condition. Figure 6 shows a measurement sample of a DDP channel profile at 40 MHz illustrating the performance of the three algorithms. The vertical dash-dot line is the expected TOA. Notice that the DLOS is detected successfully for the three algorithms. EV/FBCM views the time domain channel profile with a higher resolution and thus it provides better accuracy in detection.
In NDDP Fig. 7 shows that EV/FBCM algorithm performs significantly better than the other two algorithms. The main reason is that it has the ability to view the channel profile with higher resolution. In this category the first path usually combines with the subsequent paths and forms a cluster. The conventional algorithms detect the peak of the cluster as the DLOS path and hence the TOA. This erroneous detection causes serious problems for TOA estimation. The higher resolution of the EV/FBCM algorithm "splits" the cluster and provides other paths not detected conventionally. In some cases, the algorithm detects the DLOS path; in other the second or even the third is detected. Regardless of the path detected, Fig. 7 shows that on average EV/FBCM exhibits lower mean of ranging error when compared to the other algorithms.
The performance of EV/FBCM in this scenario can be justified by examining Fig. 8 , which shows a typical NDDP profile. The vertical dash-dot line is the expected TOA and it is clear how both the IFT and the DSSS are unable to detect the correct path. However EV/FBCM resolves the cluster and reduces the TOA error by detecting a closer path and in this case it actually detects the first path. Overall it is true to say that in NDDP conditions EV/FBCM provides the best performance in terms of mean of ranging errors.
In UDP scenarios, EV/FBCM provides an advantage compared to the other algorithms. Although the DLOS path does not exist, nevertheless, EV/FBCM is expected to perform better than the other algorithms. Figure 9 shows the mean and STD of ranging error for UDP conditions. On average, the EV/FBCM outperforms the other algorithms and exhibits lower error even at higher bandwidths. By examining a measurement sample of a UDP profile, it is possible to see how the three algorithms compare. Figure 10 shows a measured UDP case with the absence of the first path. It is clear that EV/FBCM detects a closer path and improves the TOA estimation when compared to IFT and DSSS. The weakness of the DLOS path makes it difficult to resolve the multipath and detect it. As a result, the UDP condition introduces unavoidable errors and regardless of the bandwidth or the estimation algorithm used, the positioning system will exhibit substantially large errors. This degraded performance requires that in the deployment of an indoor geolocation system care must be taken to avoid coverage areas with UDP conditions. This will further reduce the error and enhance the accuracy of TOA detection and estimation.
VI. CONCLUSION
In this paper the behavior of TOA estimation algorithms and the effect of different multipath conditions have been analyzed. A measurement campaign targeted at gathering UDP indoor channel profiles helped in establishing a comprehensive database for statistical analysis in different multipath conditions. OLOS scenarios exhibit substantial TOA estimation errors compared to LOS. The algorithms are more effective and indeed necessary in OLOS. In DDP the EV/FBCM did not provide any advantage in the TOA estimation when compared to IFT and DSSS. NDDP scenarios introduce a larger margin of error when compared to DDP and can create significant inaccuracies in TOA estimation. It is possible to see that in this case resolving the multipath and detecting the DLOS path is achievable with EV/FBCM as it offers the best performance in this category. UDP showed the worst algorithm performance due to loss of the first path.
Increasing the bandwidth of the system can improve the accuracy of TOA estimation. However with the unfavorable UDP condition this has limitations. More importantly, the substantial errors introduced by UDP conditions are unavoidable even with increasing the bandwidth of the system and using complex TOA estimation algorithms. 
